AO-A037  652 


UNCLASSIFIED 


DAVID  V TAYLON  NAVAL  SHIP  RESEARCH  AND  DEVELOPMENT  CE~ETC  F/6  13/10 
SUMMARY  OF  DEVELOPMENT  FOR  LNO  TANK  DES16N  ACCELERATION  RULES. (U) 

DEC  76  A E BAITIS»  M 6 MEYERS*  S L BALES 


SPD-517-03 


NL 


h' 


ft 


4^ 


iO: 

co' 

i> 

00 

o 


3 

a: 


<z 

cc 


Q 

< 


o 

z 


CC 

o 


0-  ^ 

! O % 

‘ O 


} 

I 

• 

I 

i 


UJ 


>- 

cc 

< 

2: 

3: 

o 

CO 


/ 


DAVID  W.  TAYLDR  NAVAL  SHIP 
RESEARCH  AND  DEVELOPMENT  CENTER 


Bethesda,  Md.  20084 


SUMMARY  OF  DEVELOPMENT  FOR  LNG  TANK 
DESIGN  ACCELERATION  RULES 


by 

A.  E . Ba i t is 
W.  G.  Meyers 
S.  L.  Bales 


• .^D'  D 9 ^ 

HFR  4 i‘1' 

u — 
A 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


SHIP  PERFORMANCE  DEPARTMENT 


copy  mum  Tv  DT? 


f 


FEUMiT  HJiLi  Ltbiiilx 


rr. 


I Tu> .^(,1  b j iv(t 


December  1976 


SPD-517-03 


:a 


i 


MAJOR  DTNSRDC  ORGANIZATIONAL  COMPONENTS 


REPORT  DOCUMENTATION  PAGE 


READ  tNSTRUrxIONS 
HEKOKE  COMPl.KTINt;  FORM 


2 GOVT  ACCESSION  NO 


SPD-517-03 


.SUMMARY  OF  DEVELOPMENT  FOR  LNG  JANK  DES I GN 
ACCELERATION  RULES*  ^ " — £ 

!-  . ' I 


,E./4altis,  W.jb.y^eyers-i^lPri  S«L.Aa\ 


I e CONTAACT  on  GRANT  NUMBER''*; 


monitoring  agency  name  4 AOORESSr//  d///»ranr  from  Controlling  Olllco)  15  SECURITY  CLASS  (ol  thia  raport) 


//  / 


U nc 1 ass  I f 1 ed  

declassification  downgrading 
! schedule 


Dl5TQ(0gT(ON  statement  'o!  thin  fiapnrt) 


APPROVED  FOR  PUBLIC  RELEASE:  DISTRIBUTION  UNLIMITED 


Distribution  statement  (of  tha  abatracl  an  fared  In  Block  20.  If  different  from  Report) 


9 KEY  WORDS  '’Conf/nua  on  reverse  aide  if  necemaarY  Idanllty  by  b'ock  numbar) 

NG  tank  vessels,  Design  sea  conditions,  Design  ship  operating  conditions, 
esign  accelerations.  Extreme  ship  responses,  LNG  trade  routes.  Extreme  sea 
ata  sources,  ship  speed  degradations  in  a storm. 


10  A'BfiTRACT  rConffnua  on  reverae  aide  It  neceeaary  end  Identity  by  block  number) 

Progress  and  results  are  offered  from  a two  year  research  project  devoted 
o LNG^  tank  design  gu  i de  1 i nes . -i  The  work  was  undertaken  by  the  Naval  Ship 
esearch  and  Development  CenterVand  sponsored  by  the  U.S.  Coast  Guard  for 
ssistance  in  its  regulatory  program.*^  F i ve  LNG  tank  vessels  were  examined 
anging  in  capacities  from  29,000  to  200,000  m^,  including  spherical  and  membran 
ank  systems. 

Extreme  accelerations  and  motions  are  developed  by  applying  short  term  * r- 


F QRM 

« JAN  73 


edition  of  1 NOV  65  IS  OBSOLETE 
S N 0 10  2-  0 I 4*  ftftO  1 


security  CLASSIFICATION  OF  THIS  PAGE  Dmf  WnfrrOi 


Dmtm  Enffd) 


Block  20  (Continued) 

statistics  to  hull  responses  predicted  for  severe  sea  conditions.  Historical 
data  from  ocean  areas  serving  LNG  shipping  routes  provides  the  sea  input. 

Design  accelerations  are  selected  from  the  extreme  values  by  applying 
operator  strategies  in  storms.  This  involves  speed  reduction,  heading 
change  to  limit  vessel  motions,  most  likely  headings,  etc.  The  accelera- 
tions selected  in  accordance  with  a Worst  Heading,  James  Speed  Loss  strategy 
are  considered  to  be  most  appropriate  for  LNG  Tank  design. 

Vertical  acceleration  is  the  single  most  important  acceleration  component 
which  determines  the  design  pressures.  Lateral  and  longitudinal  accelerations 
do  not  appreciably  affect  design  pressures. 

The  vertical  accelerations  are  strongly  dependent  upon  ship  length  with 
the  shorter  ships  having  substantially  higher  design  accelerations  than  the 
longer  ships. 

The  predicted  accelerations  tend  to  be  somewhat  conservative.  In  order 
to  improve  the  accuracy  of  these  predictions  better  speed  loss  models  are 
required  for  the  shorter  ships  and  better  extreme  -.ave  data  is  required 
*^or  the  longer  ships. 


tt  -- 

' I 


SE'"uB'‘^v  Cu  *SStFiCATiOs  or  THIS  f»  kGt<Whmn  Dmim  Entmfd) 


. 'grjrf.' 


TABLE  OF  CONTENTS 


ABSTRACT. 


ADMINISTRATIVE  INFORMATION. 


INTRODUCTION. 


SERIES  DESCRIPTION. 


EXTREME  RESPONSE  PROCEDURE, 


RMS  UNIT  WAVE  HEIGHT  RESPONSE  SURFACES,  0 


PERIODS  ASSOCIATED  WITH  RESPONSES,  T^^ 5 

EXTREME  SEAS,  (?!),,, 5 

w 1/3 

CONFIDENCE  FACTOR,  C.^. 6 

EXTREME  RESPONSE  SURFACES,  X 6 


DESIGN  ACCELERATION  PROCEDURE 


SELECTION  STRATEGIES. 
SPEED  LOS?^ 


DESIGN  ACCELERATIONS. 


TANK  LOCATION 12 

DESIGN  VECTOR  12 


ASSUMPTIONS  AND  UNCERTAINTIES 


C UNCERTAINTIES 


(a  ) , UNCERTAINTIES 

w 1/3 

C.J.  UNCERTAINTIES 

DESIGN  SELECTION  UNCERTAINTIES. 


SUMMARY 20 

RECOMMENDATIONS  AND  CONCLUSIONS  20 


ACKNOWLEDGEMENT 


APPENDIX  A - DESIGN  SEA  CONDITIONS L° 

REFERENCES 6? 


LIST  OF  FIGURES 


Page 


MAIN  TEXT 


; 

% 


«r» 

k 

h 


'a 


Figure 

1 - 

Figure 

2 - 

Figure 

3 - 

F i gure 

4 - 

Figure 

5 - 

Figure 

6 - 

Figure 

7 - 

Figure 

8a- 

Figure 

8b- 

Figure 

8c- 

Figure 

8d- 

Figure 

9 - 

Figure 

10- 

Figure 

11- 

Figure 

12a 

Figure 

12b 

Figure 

13- 

Figure 

14- 

Figure 

15- 

Figure 

16- 

Figure 

17- 

LNG  Series  Ship  Particulars  and  Geometry 22 

RMS  Response  Surfaces  of  LNG  Series,  5 Knots 23 

Ship  A,  Root  Mean  Square  Responses  versus 

Encountered  Modal  Periods  2h 

Design  Sea  Conditions  25 

LNG  Series  Probability/Time  Confidence  Factor:  C^  . . . 26 

Extreme  Response  Surface  for  Vertical  Accelerations  . . 27 

Speed  Loss  and  Design  Sea  Conditions 28 

LNG  Series  Extreme  Accelerations 29 

LNG  Series  Periods  Associated  with  Extreme 

Accelerations  30 

Influence  of  Alternate  Constant  ^0  Ft  Design  Sea 
Conditions  on  Extreme  Accelerations  31 

Influence  of  Alternate  Constant  40  Ft  Design  Sea  Condi- 
tions on  Periods  Associated  with  Extreme  Accelerations.  32 

Influence  of  Speed  Loss  on  Extreme  Accelerations.  ...  33 

Recommended  Design  Accelerations  and  Corresponding 
Encountered  Modal  Periods  of  LNG  Ship  Series 34 

Total  LNG  Tank  Design  Acceleration  Vector 35 

■Typical  Predicted  Short  Crested  Wave  and  Ship 
Response  Time  Histories  in  Bow  Seas 38 

■Typical  Predicted  Short  Crested  Wave  and  Ship 
Response  Time  Histories  in  Quartering  Seas 37 

Validation  of  Atlantic  Spectral  Fit  for  Extreme 

Seas 38 

Validation  of  Pacific  Spectral  Fit  for  Extreme 

Seas 39 

Illustration  of  Overprediction  in  Design  Accelera- 
tion Due  to  C.J. 40 

Speed  Loss  Effect  on  Design  Accelerations 41 

Summary  of  Uncertainties  for  Extreme  Accelerations.  . . 42 


i i 


Page 


APPENDIX  A 

Figure  A1  - Validation  of  Spectra!  Sea  Representation  with  a Series  of 
Bretschneider  Spectra  of  Different  Modal  Periods  (7"21 
Seconds) 60 

Figure  A2  - Bretschneider  Two-Paraneter  Spectral  Family 6l 

Figure  A3  - Validation  of  Bretschneider  Wave  Spectral  Series  For 

Measured  Severe  Seas 62 

Figure  A^4  - Weibull  Distribution  Fitted  to  North  Atlantic  Trade 

Route  1 Wave  Height/Period  Data 63 

Figure  A5  - Assumed  Trade  Routes  for  North  Atiantic  and  North 

Pac  ific 6^ 

Figure  A6  - World-Wide  Severest  Sea  Conditions  and  Various  Wave 

Steepness  and  Period  to  Height  Relationships  65 

Figure  A7  - World-Wide  Extreme  Wave  Heights 66 

list  of  TABLES 

Table  1 - LNG  Series  Ship  Particulars i*3 

Table  2 - Extreme  Response/T^^  Values  (Hogben  and  Lumb  Wave  Data).  ...  AA 

Table  3 ~ Total  Acceleration  Vector  and  Scalar  For  Ship  A,  Worst 

Heading  and  Speed  for  Roll A5 

Table  A - Total  Acceleration  Vectors  and  Scalars  for  Ships  A and  D, 

135  Degrees,  10  Knots A$ 

Table  5 " Total  Acceleration  Vector  and  Scalars  for  Ship  A,  A5  and 

90  Degrees,  10  Knots Ay 

Table  6 - Total  Acceleration  Vectors  and  Scalars  for  Ship  D,  ^5  and 

90  Degrees,  10  Knots Ag 


NOTATION 


A 

a 


a 

-y 

a 

z 

B 

|DV| 

GM 

KG 

'a 

LNG 


PP 

Lb 

RMS 

Sjo)) 

T 

^OE 


X 

a 

e 

^obs 


9 

X 

u 


Bretschneider  spectral  amplitude  parameter 

Longitudinal  Inertia  force  in  x direction  a = -L" 

Lateral  Inertia  force  in  y airection  a = -lV 

' y A 

Vertical  Inertia  force  in  z direction  a = -L" 

z V 

Extreme  longitudinal  ship  acceleration  magnitude 

Extreme  lateral  ship  acceleration  magnitude 

Extreme  vertical  ship  acceleration  magnitude 

Bretschneider  spectral  phase  parameter 

Confidence  factor 

Magnitude  of  Design  Vector 

Transverse  metacentric  height 

Height  of  center  of  gravity  above  baseline 

Lateral  acceleration 

Liquid  Natural  Gas 

Ship  Length 

Longitudinal  acceleration 
Vertical  acceleration 

Root  mean  square,  square  root  of  variance 
Extreme  sea  wave  spectra 
Time  variable 

Modal  response  period,  period  corresponding  to  peak 
of  encountered  response  spectrum 

Modal  wave  period,  period  corresponding  to  peak  of  wave 
spectrum 

Extreme  response  surface 
Exceedance  probability 
Bandwidth  parameter  of  ship  --esponse 
Wave  height  visually  observed 

Significant  wave  height  - average  of  one-third  highest 
double  ampl i tudes 

Pi  tch  angle 

Wave  1 ength 

Ship's  heading  in  degrees,  1 80° 

0°  is  following  seas 


I V 


n«  I 1 iwi  .j  ^ ~ijTi — 


is  head  seas. 


T 


NOTATION 

a '^oot  mean  square  (RMS)  ship  response 

<ti  Roll  angle 

u Wave  frequency 

T,  T Angle  tau  In  YZ  plane  between  design  vector  and  vertical 

axis  of  tank 

T Angle  upsllon  or  upslon  In  XZ  plane  between  design  vector 

and  vertical  axis  of  tank 


ABSTRACT 


Progress  and  results  are  offered  from  a two  year  research  project 
devoted  to  LNG  tank  design  guidelines.  The  work  was  undertaken  by  the 
Naval  Ship  Research  and  Development  Center  and  sponsored  by  the  U.  S. 

Coast  Guard  for  assistance  in  its  regulatory  program.  Five  LNG  tank 
vessels  were  examined  ranging  in  capacities  from  29,000  to  200,000  m'^, 
including  spherical  and  membrane  tank  systems. 

Extreme  accelerations  and  motions  are  developed  by  applying  short 
term  statistics  to  hull  responses  predicted  for  severe  sea  conditions. 
Historical  data  from  ocean  areas  serving  LNG  shipping  routes  provides 
the  sea  input. 

Design  accelerations  are  selected  from  the  extreme  values  by  apply- 
ing operator  strategies  in  storms.  This  involves  speed  reduction,  head- 
ing change  to  limit  vessel  motions,  most  likely  headings,  etc.  The 
accelerations  selected  in  accordance  with  a Worst  Heading,  James  Speed 
Loss  strategy  are  considered  to  be  most  appropriate  for  LNG  Tank  design. 

Vertical  acceleration  is  the  single  most  important  acceleration  com- 
ponent which  determines  the  design  pressures.  Lateral  and  longitudinal 
accelerations  do  not  appreciably  affect  design  pressures. 

The  vertical  accelerations  are  strongly  dependent  upon  ship  length 
with  the  shorter  ships  having  substantially  higher  design  accelerations 
than  the  longer  ships. 

The  predicted  accelerations  tend  to  be  somewhat  conservative.  In 
order  to  improve  the  accuracy  of  these  predictions  better  speed  loss 
models  are  required  for  the  shorter  ships  and  better  extreme  wave  data 
is  required  for  the  longer  ships. 

ADMINISTRATIVE  INFORMATION 

This  work  was  conducted  at  the  Naval  Ship  Research  and  Development 
Center  (NSRDC)  upon  request  of  the  U.  S.  Coast  Guard  (USCG)  , MIRP  2-70099“ 
3-30922.  It  is  identified  as  Work  Unit  Number  1-1568-004. 
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INTRODUCTION 


The  objective  of  this  report  is  to  develop  realistic  tank  design 
accelerations  for  LNG  carrying  ships.  The  general  approach  was  presented 
in  a recent  paper'  as  applied  to  a single  ship.  This  report  applies  the 
approach  to  a series  of  five  ships  considered  representative  of  current 
and  future  LNG  ships  entering  or  leaving  United  States  (U.S.)  harbors. 

The  procedure  to  predict  the  design  values  is  broken  into  basically 
four  distinct  steps.  The  first  three  steps,  described  in  detail  in 
Reference  1 consist  of  developing  a data  base  of  extreme  responses  which 
contains  the  design  accelerations  as  a small  sub-set.  The  relationship 
between  the  three  components  of  the  extreme  responses  X is  shown  by 

X = a ■ (r,  ),,,  • C_  (1) 

w I /3  T 

a represents  the  root  mean  sguare  (RMS)  ship  response  in  short  crested 
irregular  seas  for  a specific  ship  load  condition,  speed,  heading,  and 
location  on  the  ship.  (',  ) , is  the  significant  wave  height  for  the 

w 1/3 

extreme  seas  considered  appropriate  for  design.  is  a factor  which 

relates  the  RMS  response  to  a probability  level  not  to  be  exceeded  in  a 
specified  ship  exposure  time  to  the  extreme  seas.  Strictly  speaking, 
the  three  components  of  extreme  response  are  not  independent  as  shown  in 
eguation  1.  However,  the  factors  which  relate  the  three  components  have 
such  a small  effect  that  the  assumption  of  independence  is  considered 
valid  for  engineering  purposes. 

The  fourth  step  of  the  procedure  consists  of  selecting  the  proper 
design  accelerations  from  the  data  base  determined  by  eguation  1.  In 
this  context,  "proper"  implies  that  such  unavoidable  factors  as  both  speed 
reductions  and  the  worst  possible  ship  headings  in  the  extreme  seas  are 
appropriately  considered. 


-A  list  of  references  is  given  on  page  67. 


An  important  addition  to  the  procedure  of  Reference  1 has  been 
developed  and  is  also  presented  in  this  report.  That  is,  a method  for 
specifying  a total  acceleration  design  vector  containing  both  the  static 
and  dynamic  components*  of  acceleration  is  developed.  The  method  is  appliec 
to  select  regions  of  the  data  base  to  examine  conditions  where  vertical 
acceleration  is  maximum. 


This  report  is  divided  into  several  major  topics,  each  of  which  will 
now  be  discussed: 


1.  Series  Description 

2.  Extreme  Response  Procedure 

a.  RMS  Responses  and  Associated  Periods 

b.  Extreme  Seas,  {c 

w \ / i 

c.  Confidence  Factor,  C.^ 

3.  Design  Accelerations 

a.  Selection  Strategies 

b.  Speed  Loss 

c.  Tank  Location 

A.  Design  Acceleration  Vector 

5.  Assumptions  and  Uncertainties 

6.  Recommendations  and  Conclusions 
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SERIES  DESCRIPTION  ■ 

. 'I  The  United  States  Coast  Guard  (USCG)  is  responsible  for  regulating  all  | 

I ships  carrying  hazardous  cargo  which  enter  or  leave  U.S.  ports.  A series  | 

I of  five  ships,  representative  of  current  and  future  U.S.  LKG  traffic,  j 

’ ^ have  been  selected  for  this  work.  The  ships  range  in  length  from  about  i 

600  to  1000  feet  and  in  LNG  capacity  from  about  29,000  to  200,000  m^.  Ships  ! 

}■,'  with  spherical  as  well  as  ships  with  membrane  tanks  are  included.  Figure  '< 

; 1 and  Table  1 give  the  particulars  of  the  five  ships. 

^ '-Static  refers  to  the  gravity  component,  dynamic  refers  to  the  component  i 

*■  due  to  motions  of  the  ship.  i 

*r> 

N 

I 
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The  ship/load  conditions  are  taken  as  full  or  near  full  LNG  capacity. 

In  order  to  determine  the  effect  of  load  variations  on  predicted  ship 
responses  (accelerations),  KG  (GM)  variations  are  included  for  Ships  B and 
C.  This  simple  load  variation  is  considered  more  appropriate  than  combined 
draft,  trim,  displacement,  and  GM  variations  because  current  full-scale 
ballasting  procedures  maintain  LNG  ships  at  essentially  a constant  draft 
without  regard  to  the  LNG  cargo  load  status. 

EXTREME  RESPONSE  PROCEDURE 

As  stated  in  the  Introduction,  the  extreme  responses  are  determined 
by  the  building  block  procedure  of  Reference  1, 

” ■ “ ■ <Vl/3  ■ 

Each  component  of  equation  1 is  now  discussed. 

RMS  UNIT  WAVE  HEIGHT  RESPONSE  SURFACES,  a 

Reference  2 provides  the  data  base  of  RMS  responses  for  calculation 
of  design  acce 1 erat ions  in  this  report.  Briefly,  the  RMS  data  base  consists 
of  response  surfaces  for  heave,  roll,  pitch,  and  longitudinal,  lateral,  and 
vertical  accelerations  at  the  center  of  the  forward  tank  for  each  ship/load 
case,  for  each  speed  n , R , • . .,20  knots.  The  surfaces  are  computed  for 
short  crested  seas  using  Bretschneider  two-parameter  ■ ave  snectra  v;i th 
modal  (peak)  periods  of  7,  9,  . . .,21  seconds  and  siqnificant  wave  heights 
of  1 foot.  Ship  headings  vyith  respect  to  the  waves  are  taken  as  0,  15,  . . ., 
1 80  degrees.  By  definition,  0 degrees  is  following  seas  and  1 80  degrees 
is  head  seas.  Figure  2 provides  sample  RMS  surfaces  for  the  five  series 
ships. 

In  summary,  the  RMS  unit  wave  height  surfaces  characterize  ship 
responses  in  irregular,  short  crested  seas  for  all  possible  sea  conditions 
and  ship  headings  at  each  ship/load  condition  and  speed.  The  usefulness  of 
the  presentation  of  the  responses  in  a surface  format  is  further  discussed 
in  Reference  2. 
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PERIODS  ASSOCIATED  WITH  RESPONSES,  T^^ 

Due  to  repeated  USCG  requests  for  the  periods  associated  with  the 
ship  responses,  a procedure  has  been  developed  to  provide  such  i nfornat i on . 
Reference  2 provides  the  details  of  the  procedure  as  well  as  validation 
of  the  results  using  both  simulated  and  measured  full-scale  ship  responses. 

In  brief,  the  period,  T^^,  associated  with  the  responses  is  taken  as  the 
modal  (peak)  period  of  the  encountered  response  spectra  and  is  related  to 
the  period  of  the  cycle  of  maximum  response  in  the  time  domain.  The  periods, 
Tp^,  for  the  LNG  ships  are  given  in  Reference  2 and  Figure  3 shows  a sample 
of  the  RMS  response  versus  period  data  presentation.  The  usefulness  of 
this  figure  in  examining  resonant  conditions,  envelopes  of  extrema,  etc. 
is  discussed  in  some  detail  in  Reference  2. 

EXTREME  SEAS,  (c  ) , ,, 
w 1/3 

The  prediction  of  design  accelerations  is  considered  to  be  the  predic- 
tion of  ship  accelerations  in  an  extreme  storm.  Thus,  it  is  appropriate 
to  use  the  highest  measured  or  observed  sea  conditions  for  the  predictions. 
Figure  A presents  the  design  sea  conditions  used  within  this  work.* 

These  sea  conditions,  denoted  by  the  open  circles  on  the  figures,  e.g. 

A 

o,  represent  the  highest  observed  values  reported  by  Hogben  and  Lumb  for 
the  North  Atlantic  area  as  defined  In  Reference  1.  As  the  ship  RMS  responses 
were  computed  for  evenly  spaced  modal  wave  periods  of  7,  9 and  21 


Before  the  main  text  of  this  report  was  written,  the  results  of  this  work 
were  employed  to  examine  the  LNG  Tank  design  accelerations  required  by 
the  existina  197A  rules.  The  design  rules  v/ere  Intended  to  cover  LNG  ships 
traversing  all  areas  of  the  v/orld  rather  than  just  the  transatlantic  Trade 
Route  1 of  Figure  A,  specified  by  the  USCG  for  this  and  earlier  LNG  work. 

Thus  a new  literature  search  for  reported  extreme  sea  conditions  was  con- 
ducted. Reference  3 applies  these  newer,  world-wide  extreme  seas  to  the 
LNG  ship  response  data  base.  The  determination  of  the  world-wide  extreme 
wave  heights  appropriate  for  LNG  Tank  design  is  discussed  in  Appendix  A, 
though  they  are  not  directly  used  in  this  report.  Figure  7 presents  in 
tabular  form  the  Trade  Route  1 design  seas,  TR  i^l;  the  world-wide  extreme 
design  seas,  WW;  as  well  as  a third  set  of  design  seas  suggested  by  USCG 
staff  and  designated  as  the  constant  AO-ft  significant  wave  height,  CONST.  WH . 
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seconds,  the  design  sea  conditions  were  actually  obtained  by  linearly 
interpolating  the  wave  heights  between  the  reported  modal  wave  periods. 

As  the  determination  of  appropriate  design  sea  conditions  was  both 
the  most  complicated  and  the  most  time-consuming  aspect  of  the  project, 
Appendix  A has  been  prepared  to  give  the  details  of  the  process.  The 
Appendix  is  broken  into  several  major  sections  including: 

1.  Representation  of  Extreme  Seas 

2.  Philosophy  of  Selection  of  Design  Wave  Parameters 

3.  Selection  of  LNG  Trade  Routes 

A.  Worldwide  Extreme  Sea  Data  Sources 

CONFIDENCE  FACTOR,  C.^. 

As  was  noted  in  equation  1,  the  extreme  acce I era t ions  are  related  to 
the  RMS  accelerat ions  and  the  extreme  wave  heights  by  a so-called  confidence 
factor,  C.J..  Strictly  speaking,  C.^.  is  derived  from  the  distribution  of  the 
wave  heights  and  is  related  to  the  exposure  time  of  the  ship  to  the  extreme 
seas,  T,  to  the  probability  of  exceeding  a specified  value  a,  as  v;e 1 1 as 
the  zeroth  and  second  moments  of  the  ship  response.  Practically  speaking, 
however,  C.^.  is  dependent  only  on  T and  i.  Fiaure  5 presents,  for  a 3 day 
exposure  time,  at  three  levels  of  probability,  the  range  of  C.j.  for  all  ships 
all  load  conditions,  and  all  ship  responses.  It  v-;as  considered  that  the 
small  range  in  the  C.j.  values  for  these  variables  allow  the  selection  of  a 
single  C.^.  value  for  the  entire  LNG  ship  series.  As  per  agreement  v/i  th 
the  U.S.  Coast  Guard,  a C.^.  value  that  corresponds  to  a probability  a of 
0.01  has  been  used  in  this  work.  The  arithmetic  average  of  the  C.j.  values, 
for  all  ships,  e.q.  C.^  = 5-^13.  is  the  value  used. 

EXTREME  RESPONSE  SURFACES,  X 

Figure  6 presents  a typical  extreme  response  surface.  The  surface  is 
found  by  taking  the  product  of  the  RMS  response  surface,  see  Figure  2, 
the  design  significant  wave  heights  as  a function  of  modal  wave  period, 
see  Figure  4,  and  the  appropriate  confidence  factor,  C.^  = 5-413,  see 
Figure  5-  Exactly  as  for  the  case  of  the  RMS  unit  v;ave  height  responses. 


>-x. 


one  such  surface  exists  for  each  ship/ioad  condition,  ship  speed,  and  response 
type.  The  collection  of  all  the  extreme  response  surfaces  is  referred  to 
as  the  extreme  response  data  base. 


DESIGN  ACCELERATION  PROCEDURE 

SELECTION  STRATEGIES 

Design  accelerations  are  considered  to  be  those  values  selected  when 
a realistic,  yet  conservative,  strategy  is  applied  to  the  extreme  response 
data  base.  In  this  context,  the  word  "strategy"  means  ship  operator 
procedure  in  extreme  seas.  Three  basic  strategies  were  considered  in  this 
work  : 

1.  The  Worst  Heading  Strategy  assumes  that  the  ship  operator  selects 
the  worst  possible  heading  for  each  of  the  six  ship  responses. 

2.  The  Most  Likely  Heading  Strategy  assumes  that  the  operator 
considers  the  extreme  seas  as  endangering  the  survivability  of 
his  ship  and  thus  heads  the  ship  directly  into  wind  and  sea. 

In  applying  this  strategy,  all  headings  less  than  150  degrees,  e.g. 

0 through  135  degrees,  were  eliminated  from  the  data  base.* 

3.  The  Average  Pitch  Strategy  limits  speed  by  avoiding  pitch  angles 
in  excess  of  3 degrees.  This  strategy  is  reportedly  presently 
employed  by  the  operator  of  two  LNG  tankers,  and  was  interpreted 
here  simply  to  mean  that  the  operators  would  attempt  to  limit  ship 
motions  by  heading  changes  when  average  pitch  angles  in  the  extreme 
seaways  exceed  3 degrees. 

The  Worst  Heading  Strategy  is  considered  the  preferred  strategy  for 
selecting  design  values  due  to  the  as  yet  unknown  consequences  of  large 
LNG  spills.  Clearly,  this  strategy  represents  the  limiting  case  of  ship 
response  levels  as  the  worst  value  for  each  response  type  is  selected  in- 
dependently of  all  other  response  types.  In  reality,  of  course,  these 
selected  extreme  responses  can  never  occur  simultaneously,  e.g.  the  worst 
heading  for  roll  is  not  the  worst  for  pitch.  Since  ship  operator  behavior 
is  not  entirely  predictable,  and  in  the  absence  of  other  limiting  conditions, 

*Data  were  available  for  discrete  headings  at  intervals  of  15  degrees. 
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the  worst  heading  strategy  appears  to  be  the  only  safe  one  to  employ  ’n 
selecting  design  values. 

The  other  two  strategies  (Most  Likely  Heading  M,  and  Average  Pitch  AP) , 
are  so-called  voluntary  operator  strategies  and  have  beer  included  in  this 
work  because  they  show  the  potential  for  reduced  acceleration  loads  when 
prudent  operator  procedures  are  employed.  It  is  expected  that  operators 
will  become  increasingly  reliable  in  minimi/ing  ship  responses  in  extreme 
seas  as  accelerometer  and  hull  strain  gauge  readouts  on  the  bridge  will 
become  available  during  the  lifetimes  of  these  ships. 

The  optimization  of  both  speed  and  heading  changes  made  on  basis 
of  minimizing  ship  trip  time  has  not  been  considered  in  this  work  as  such 
a process  is  also  rational,  voluntary  strategy  and  therefore  not  appropriate 
for  design  work. 

SPEED  LOSS 

Involuntary  speed  loss  due  to  the  increase  in  ship  resistance  with 
wave  height  is  regarded  as  another  limiting  condition  that,  together  with 
the  Worst  Heading  Strategy,  should  be  applied  to  the  extreme  response 
data  base.  Unfortunately,  the  capability  for  predicting  this  involuntary 
speed  loss  from  purely  theoretical  considerations  is  not,  at  this  time, 
sufficiently  developed  to  allow  its  use  during  the  course  of  the  present  LNG 
project.  Since  the  Impact  of  speed  loss  in  extreme  seas  is  regarded  to  be 
of  great  importance  in  developing  realistic  LNG  design  accelerations,  it 
was  decided  to  use  the  empirically  collected  speed  loss  data  of  James, 
see  Reference  5.  This  data  is  currently  in  use  by  the  U.S.  Navy  Fleet 
Numerical  Weather  Service  for  ship  routing  and  is  regarded  as  being  the 
best  available  speed  loss  data  that  might  be  applied  for  ships  such  as  the 
LNG  tanker  series.  Better  s ta t i s t i ca 1 /emp i r i ca 1 speed  loss  data  may  exist 
within  large  commercial  tanker  fleets,  but  at  this  time  such  data  are  not 
available.  Of  the  James  speed  loss  data  available  for  15  ships,  only  a 
single  ship  appeared  to  adequately  represent  any  of  the  ships  in  the  LNG 
series--this  is  a CAA-AI/BI  cargo  ship  (Mar iner- type  ship)  with  a 17  knot 
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design  speed.  The  speed  loss  for  this  ship  was  applied  uniformly  to  all 
LNG  ships.  Figure  7 presents  these  reduced  speeds  as  indicated  by  James. 

DESIGN  ACCELERATIONS 

Table  2 presents  the  responses  selected  for  each  ship  when  all  three 
of  the  operator  strategies,  both  with  and  without  the  James  speed  loss 
criteria,  are  applied  to  the  extreme  response  data  base.  The  periods 
associated  with  these  selected  extreme  responses  are  also  included.  The 
Table  2 results  thus  provide  lifetime  extreme  motion  and  acceleration  data 
for  the  LNG  ships  operating  on  the  transatlantic  Trade  Route  1 of  Figure 
A.  Ship  A,  for  example,  would  be  expected  to  undergo  a + A7.6  foot  heave 
cycle  with  a 10.1  second  period  once  during  its  lifetime  if  the  ship  were 
operated  under  the  Worst  Heading,  James  Speed  Loss  Strategy  on  Trade  Route  1. 
There  is  a one  percent  chance  that  a greater  heave  would  occur. 

Figures  8 and  9 were  prepared  to  illustrate  the  sensitivity  of  such 
lifetime  extreme  ship  accelerations  to  various  heading,  speed  loss,  and 
trade  route  (sea  conditions)  assumptions.  These  figures  present  accelerations 
and  associated  periods  (from  Table  2)  of  the  ships  arranged  in  order  of 
increasing  ship  length  for  various  combinations  of  assumptions.  Accelera- 
tions are  denoted  by  L^  for  vertical,  L^  for  lateral,  and  Lq  for  long- 
itudinal. Though  the  Worst  Heading  Strategy,  combined  with  the  James  speed 
loss  criterion,  W.  J.,  is  considered  most  appropriate  for  design,  the  lowest 
values  for  the  two  voluntary  strategies,  AP , MJ , are  also  shown  in  the 
table  and  these  figures.  The  maximum  accelerations  shown  for  each  ship  in 
Figure  8a  and  9 are,  of  course,  the  worst  accelerations  for  all  headings, 
speeds,  and  sea  conditions.  Although  these  worst  accelerations  are  not 
physically  realizable*  they  are  useful  because  they  represent  the  upper 
bound  of  the  acce lerat ions . 

"The  highest  speed  thus  considered,  and  consequently  the  worst  accelerat ion, 
is  too  high  because  involuntary  speed  losses  due  to  the  added  drag  in  waves 
and  the  loss  in  propulsive  efficiency  in  waves  were  not  considered. 
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Figures  8a  and  8b  are,  of  course,  based  on  the  Trade  Route  I design 
sea  conditions  of  Figure  U.  Figures  8c  and  8d  were  constructed  with  a 
constant  forty  foot  significant  wave  height  across  modal  wave  period 
suggested  by  the  USCG  staff.  It  is  to  be  noted  that  this  alternate  set  of 
design  sea  conditions  is  greater  than  the  Trade  Route  1 seas  at  all  modal 
periods  except  for  the  11  second  period  case.  The  ^40  foot  design  sea  is 
unrealistically  high  at  periods  greater  than  19  seconds  and  less  than  8 seconds, 
and  unrealistically  low  compared  to  the  world-wide  extreme  sea  data  of  Figure 
7.  Nevertheless,  the  Trade  Route  1 to  ^40  foot  height  sea  comparison  demonstrates 
the  sensitivity  of  design  acce ! erat  ions  to  variations  in  design  seas. 

Figure  9 has  been  prepared  to  demonstrate  the  influence  of  speed  loss 
on  design  acceleration.  By  means  of  arrows,  the  figure  also  denotes  the 
heading  angles  at  which  the  most  extreme  accelerations  occur. 

Upon  examination  of  Figures  8 and  9>  several  observations  can  be  made: 

1.  Load  variations  which  consist  of  nothing  more  than  simple  GM 
(kg)  changes  do  not  affect  design  accelerations. 

2.  The  range  of  periods  associated  with  the  accel erat ions  is 
generally  one  second  or  less  for  vertical  acceleration  which, 
because  it  is  so  much  larger,  can  be  considered  the  most  important 
of  the  three  accelerations.  The  periods  associated  with  lateral 
and  1 uiig i tud i na 1 accelerat ions  vary  substantially  more  --  the 
largest  variation  in  periods  occurs  for  the  least  important 
acceleration  ( long i tud i na 1 ) . 

3.  The  longer  ships  are  more  significantly  affected  by  variations 
in  the  design  seas  than  the  shorter  ships  are.  This  tendency  is 
particularly  noticible  when  speed  loss  is  not  considered.  These 
results  suggest  that  the  design  accelerations  of  longer  ships  are 
likely  to  be  increased  as  more  and  better  wave  data  becomes  available. 

if.  By  far  the  greatest  impact  of  speed  loss  on  accelerations  is  for 
the  shorter  ships.  For  example,  for  the  shortest  ship.  Ship  A, 
the  vertical  acceleration  is  reduced  by  nearly  35  percent.  Similarly, 
the  reduction  for  Ship  B,  is  25  percent,  for  Ship  C 13  percent,  and 
for  Ships  D and  E is  less  than  10  percent. 
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5.  Speed  reduction  does  not  appear  effective  in  reducing,  or  in  any 
way  affecting,  either  lateral  or  longitudinal  acce 1 erat ions . 

Rather,  it  is  more  effective  for  the  more  important  vertical 
accelerat ions . 

6.  Extreme  accelerations  occur  at  different  headings  for  the  three 
types  of  accelerations,  though  they  tend  to  occur  in  bow  seas 
when  speed  reduction  is  considered;  when  no  speed  reduction  is 
applied,  the  extremes  tend  to  occur  in  head  seas  for  the  shorter 
ships . 

In  summary.  Figure  10  presents  the  accelerations  and  associated 
periods  considered  most  appropriate  for  design  if  the  ships  are  restricted 
in  service  to  Trade  Route  1.  Reference  3 elaborated  on  design  accelerations 
in  seas  representative  of  world-wide  v^orst!  The  values  are  derived  by 
applying  the  Worst  Heading  Strategy  and  James  speed  loss  criteria  to  the 
extreme  response  data  base  generated  by  applying  eauation  1.  Lines  are 
drawn  between  values  for  adjacent  ships  on  the  figure  only  to  suggest 
general  trends,  and  should  not  be  interpreted  as  acceleration  curves  across 
ship  length.  The  main  reason  for  this  is,  of  course,  that  the  location  of 
the  center  of  the  forward  tank  is  not  in  the  same  place  relative  to  each 
ship.  Also  the  lines  do  not  account  for  changes  in  tank  geometry  due  to 
tank  type,  e.g.  the  vertical  distance  of  the  center  of  the  tank  above  the 
base  line. 

Several  conclusions  can  be  drawn  from  Figure  10: 

1.  The  largest,  and  hence  most  important  design  acceleration,  vertical 
acceleration,  is  strongly  dependent  on  ship  length. 

2.  Design  accelerations  generally  occur  at  10  knots,  though  for  more 
severe  seas  than  those  of  Figure  k,  the  speed  will  decrease. 

3.  Only  small  variations  in  the  periods,  e.g.  less  than  2 seconds, 
associated  with  a given  design  acceleration  type  occur  across 
the  series  ships.  Variations  in  period  across  all  three  design 
acceleration  types  is  less  than  k seconds. 


TANK  LOCATION 


The  extreme  ship  accelerations  presented  in  this  report  are  predicted 
for  the  center  of  the  forward  tank  of  each  ship,  though  the  designer  may 
find  it  useful  to  know  the  accelerations  for  other  tanks  along  the  ship. 
Reference  2*  presents  a brief  examination  of  the  influence  of  spatial  varia 
tions  along  the  ship  in  which  point  location,  as  well  as  GM,  speed,  and 
heading  were  allowed  to  vary.  The  conclusions  of  this  examination  are 
briefly  repeated  here: 

1.  Vertical  acceleration  is  constant  along  any  vertical  line 
through  the  ship.  Similar  rules  hold  for  lateral  and  longi- 
tudinal accelerations. 

2.  Only  the  large  spatial  variations  in  the  longitudinal  direction 
drastically  alter  ship  responses,  e.g.  vertical  and  lateral 
accelerations;  longitudinal  and  lateral  accelerations  are  so 
much  smaller  in  magnitude  than  vertical  accelerations  that  any 
changes  that  do  occur  in  these  two  appear  rather  insignificant. 

3.  Load  (GM)  variations  do  not  further  affect  response  variations 
for  a given  heading. 

Heading  variations  do  affect  responses  with  response  variations 
being  higher  in  bow  seas  (135  degrees)  and  less  in  quartering 
seas  (k5  degrees) . 

5.  Speed  variations  do  not  further  affect  response  variations  for  a 
given  heading. 

DESIGN  VECTOR 

A LNG  tank  must  be  designed  to  withstand  the  maximum  force  exerted 
by  the  liquid  natural  gas  on  the  sides  and  bottom  of  the  tank  at  any  given 


"Reference  2 contains  response  t rend-w i th-spa t ia 1 variation  plots  which 
can  be  used  to  translate  the  forward  tank  extreme  accelerations  to  other 
locations  in  the  ship. 
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instant  in  time.  A major  component  of  this  force*  is  directly  proportional 

to  the  magnitude  of  the  forces  acting  on  the  LNG  along  the  direction  of  this 

force  or  acceleration**  vector.  The  maximum  value  of  this  force  vector  In 

the  lifetime  of  the  ship  is  regarded  as  the  design  force  or  acceleration  vector. 

This  vector  consists  of  the  inertia  forces  due  to  the  acce I e ra t ions  of  the  ship  and 

the  force  or  acceleration  due  to  gravity.  The  calculated  ship  accelerations 

were  derived  in  a coordinate  system  that  remains  perpendicular  to  the  earth's 

gravity.  As  a result  neither  the  vertical  accelerations  nor  the  lateral 

and  longitudinal  accelerations  include  gravity. 

Since  tank  design  procedures  require  the  magnitude  and  direction  of  the 

design  force  or  acceleration  vector  it  is  necessary  to  combine  the  acceleration 

related  inertia  forces  and  gravity.  The  magnitude  of  the  resultant  design 

vector,  henceforth  denoted  as  the  design  acceleration  vector  may  be  v/ritten 

in  terms  of  the  inertia  forces***  a , a , a which  are  equal  to  but  of  opposite 

X ’ y z 

sign  to  the  corresponding  ship  accelerations  Lq,  and  L”  and  the  force 

due  to  gravl ty. 


I0V|  = Ja + a + (a  ” - 1)^ 

' T X y z 

were  a^  is  the  longitudinal  force, 

a is  the  lateral  force, 

y 

a^  is  the  vertical  force, 

1 is  the  acceleration  due  to  gravity. 


(2) 


*Vapor  pressure  in  tank  and  sloshing  loads  represent  the  other  major  components 
of  the  tank  design  loads  as  noted  by  R.  L.  Bass  et.  al.  in  their  1976 
Ship  Structures  Report  SSC-258  Table  VI. 

**The  terms  forces  and  accelerations  are  used  interchangeably  since  they  are 
equal  when  forces  are  calculated  on  a per  unit  weight  basis  and  accelerations 
are  calculated  on  a per  unit  gravity  basis  as  is  the  convention  adopted  for 
this  work. 

***See  Figure  11.  It  should  be  noted  that  the  distinction  between  inertia  force 
and  acceleration  was  not  appropriately  made  in  the  earlier  work  of  reference  3. 
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The  direction  of  the  design  vector  is  referenced  to  the  tank  by 
two  angles,  T and  T In  the  YZ  and  XZ  plane  of  the  tank,  see  Figure  11, 
T is  defined  as 


and 


( 

1 ' 1 

1 

T = 1 arcsin 

( 1 DV 1 ) 1 

-<f 

(3) 

T Is  defined  as 
( 

/ \ 

) 

T = ' arcsin 

X 

-e 

(4) 

1 

\ (DV|  / 

1 

Thus  both  T,  and  T reference  the  design  vector  to  the  vertical  axis 
of  the  tank,  which  in  turn  moves  with  the  roll  and  pitch  of  the  ship. 

The  tank  axis  is  thus  referenced  to  the  local  earth  vertical  using  roll 
and  pitch. 

It  becomes  immediately  apparent  upon  inspection  of  equation  2 that 
there  are  two  fundamentally  different  methods  by  which  the  design  accelera- 
tion vector,  DV,  may  be  determined,  i.e.,  DV  may  be  considered  as  a time 
dependent  vector,  DV(T)  given  in  equation  2,  or  a time  independent  scalar  DV(TI) 

If  DV  is  time  independent,  the  three  inertia  force  components,  a^, 
a^,  a^  are  determined  independently.  That  is,  DV  is  composed  of  gravity 
nond i mens iona 1 i ?ed  by  g and  by  the  absolute  value  of  the  extreme  accel era t ions 


Lg,  L",  and  L"  which  represent  the  maximum  possible  a^, 
time  independent  design  vector  has  a magnitude 

|DV(TI)|  + a ^ + (a  + l)^ 

'X  y z 


and  a 


Th  i s 


(5) 


where  a^  is  the  absolute  value  of  extreme  longitudinal  ship  acceleration, 

a is  the  absolute  value  of  extreme  vertical  ship  acceleration  without 

y 

gravity, 

(a^  + l)  is  the  absolute  of  extreme  vertical  ship  acceleration  including 
gravity.  i 
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To  examine  the  difference  between  0V(T)  and  DV  (Tl),  ship  responses, 
wave  height  and  DV(T),  in  accord  with  equation  2,  were  calculated  in  time 
history  form  for  a series  of  representative  conditions.  The  resultant 
maximum  values  of  the  accelerations  as  well  as  the  time  dependent  and  the 
independent  design  acceleration  vector  are  presented  in  Tables  3"6.  These 
calculation  conditions  included  situations  where  pitch  and  vertical  accelera- 
tion predominated  as  well  as  other  situations  where  roll  and  lateral  accelera- 
tions predominated.  The  time  history  expansions  were  performed  using, 

32  33 

essentially,  the  procedures  detailed  by  Zarnick  and  Withrington  . All 

of  the  time  history  expansions  were  made  for  realistic  short  crested  seas 
2 

using  a cos  spreading  function.  Figure  12a  presents  an  example  of  the 
time  histories  of  DV(T)  and  the  associated  ship  responses  for  Ship  A in  a 
condition  where  vertical  ship  responses  predominate.  Although  these  response 
syntheses  were  made  for  Ship  A operating  for  30  minutes  in  40  foot  significant 
wave  height  seas.  Figure  12a  shows  only  the  30  second  time  interval  which 
included  the  extreme  vertical  ship  responses.  Figure  12b  shows  similar  results 
for  conditions  where  relatively  large  lateral  accelerations  occur. 


In  summary,  the  magnitude  of  the  verticai  acceleration  which  includes 
the  earth  gravity  determines  the  magnitude  of  both  0V(T)  and  DV(Tl)  i rre- 


spective  of  a and  a . 

X y 


Thus,  the  vertical  acceleration  term  a is  the 

z 


dominant  term  which  specifies  the  magnitude  of  the  design  acceleration  vector. 
In  other  words,  for  design  purposes 


|DV(T)|  = |dv(ti)1  (6) 

Table  3b  summarizes  the  results  of  this  brief  set  of  calculations.  It  may 

be  seen  from  this  table  for  example,  that  the  DV(TI)  varies,  by  6 percent 

or  less  from  DV(T)  at  headings  where  design  accel erat ions  are  attained. 

The  a and  a terms,  along  with  pitch  and  roll,  serve  to  define  the  angles 
X y 

T,  T,  which  the  design  vector  DV(T)  makes  relative  to  the  vertical  axis  of 
the  ship  or  tank.  These  angles  in  turn  are  generally  8 degrees  or  less 
when  DV(T)  is  a maximum.  It  is  noted  however,  that  when  DV(T)  is  less  than 
a maximum  the  angles  reach  values  up  to  17  degrees. 
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ASSUMPTIONS  AND  UNCERTAINTIES 


The  major  assumptions  in  the  prediction  of  the  design  accelerations 
are  as  foil ows : 

1.  Ship  responses  are  assumed  to  be  linear  for  the  extreme  seas 
employed,  though  roll  motion  is  treated  as  a special  case  as 
described  below. 

2.  Extreme  seas  are  assumed  to  be  appropriately  represented  by 
two-parameter  wave  spectra  defined  by  observed  extreme  wave 
heights  and  wave  period  pairs. 

3.  The  wave  height  distribution  function  is  regarded  as  a Rayleigh 
distribution. 

The  worst  extreme  acceleration,  modified  by  speed  loss,  and 
not  to  be  exceeded  99  percent  of  the  time  in  a three  day  ship 
exposure  to  the  extreme  seas  is  the  appropriate  design  value. 

With  these  assumptions  in  mind,  a certain  so-called  uncertainty 
can  be  associated  with  the  design  accel erat ions  of  Figure  9-  For  example, 
each  component  of 
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as  well  as  the  selection  of  design  values  from  the  extreme  response  data 
base  has  its  own  individual  uncertainty  associated  with  it.  Each  of  these 
four  stages  of  the  building  block  procedure  are  now  examined. 

a UNCERTAINTIES 

The  uncertainties  associated  with  the  RMS  unit  wave  height  responses, 
o,  are  associated  with  the  use  of  the  linear  superposition  principle  for 
large  values  of  ship  responses.  It  has  been  knov/n  for  some  time  that 
as  ship  motions  tend  to  reach  limiting  values  in  extreme  seas,  the  limiting 
values  are  not  necessarily  accurately  predicted  by  use  of  linear  super- 
position. As  reported  in  Reference  2,  a technique  was  developed 
to  treat  roll  motion,  the  most  nonlinear  ship  response.  Briefly,  a roll 


reduction  factor  which  implies  increased  roll  damping  in  extreme  seas  has 
been  developed  and  applied  to  the  LNG  series  ships. 


i 
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Experimental  verification  of  the  accuracy  of  the  predicted  three 
components  of  acceleration  are  given  in  Reference  1.  It  was  shown  in 
that  reference  that  the  RMS  ship  responses  are  overpredi cted  within  an 
accuracy  oE  10  percent.  Thus  the  predictions  are  on  the  conservative  side 
of  rea 1 i ty . 

(C  ) , ,,  UNCERTAINTIES 
w 1 /3 

1 

Two  basic  uncertainties  are  inherent  in  the  determination  of  extreme 

sea  conditions.  The  first  is  in  the  shape  or  frequency  content  of  the  j 

1 

extreme  sea  energy  spectrum.  The  second  is  the  actual  height  of  the 
extreme  sea.  Reference  1 demonstrated  that  the  shape  o^  North  Atlantic 
Extreme  Sea  Spectra  can  be  approximated  by  single  peaked  B re t schne 1 der 
spectra.  The  use  of  these  spectra  resulted  in  uncertainties  (ove rpred  1 c t i ons ' 
in  the  predicted  extreme  responses  of  up  to  10  to  12  percent.  Figure  13  is 
adopted  from  the  Reference  1 work.  The  top  row  of  graphs  shows  the  measured 
Atlantic  spectra  at  Station  India  (59°N,  19°W)  and  the  corresponding  pre- 
dicted B re tschne i der  spectra.  The  bottom  row  of  plots  shovjs  the  resulting 
response  spectra  for  Ship  A at  135  degrees  and  10  knots.  Percent  variations 
in  RMS  response  values  vary  from  h.J  percent  (first  graph)  to  12.0  percent 
(last  graph) . 

Subseguent  to  this  earlier  work,  the  fit  of  Bretschnei der  spectra 
to  North  Pacific  extreme  seas  has  been  investigated  by  use  of  measured 
spectra  at  Station  Papa  (50°N,  lA5*^W).  The  results  of  this  comparison 
are  shown  in  Figure  1A.  The  use  of  the  Bretschneider  spectra  for  the 
extreme  sea  cases  (first  four  columns)  results  in  response  overpred i c t i ons 
up  to  about  5 percent.  The  fifth  column  of  graphs  is  included  only  to 
illustrate  that  higher  modal  period  seas  do  exist  in  the  Pacific,  although 
the  available  spectra  are  for  moderate  seas.  In  this  case,  the  response 
is  overpredicted  by  about  B percent. 
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In  summary,  the  shape  of  extreme  sea  spectra  can  be  represented  by 
the  Bretschne i der  spectral  form.  The  uncertainty  in  predicted  extreme 
ship  response  due  to  this  choice  of  spectra!  shape  is  about  a 12  percent 
overprediction.  The  second  uncertainty  associated  with  the  extreme  seas, 
e.g.  the  height  of  the  sea,  is  not  so  easy  to  quantify. 

The  difficulty  in  establishina  realistic  extreme  wave  heights  is 
due  to  a scarcity  of  extreme  sea  data.  A further  element  of  uncertainty 
Is  that  associated  with  the  calibration  of  visual  wave  height  data.  As 
shown  in  Reference  1,  the  uncertainty  in  proper  calibration  results  in 
up  to  a 22  percent  variation  in  extreme  wave  height.  It  is  regarded  that 
this  22  percent  uncertainty  is  equally  applicable  to  the  uncertainty  in  the 
expected  occurrence  of  the  wave,  i.e.  the  quantity  of  available  extreme 
sea  data  is  scarce  and  the  resulting  reliability  of  their  probab i I i ty  of 
occurrence  is  poor. 

Cj  UNCERTAINTIES 

Uncertainties  in  design  accelerations  resulting  from  the  selected 
confidence  factor  C.^.  are  associated  v/itb  the  length  of  the  exposure  time 
to  the  extreme  seas  and  the  wave  height  .!  i st  r i but  i on  function.  For  the 
sake  of  conservatism,  the  ship  exposure  to  t^^e  extreme  seas  used  through- 
out this  v/ork  has  been  taken  as  three  days.  When  exposure  time  is  computed 
for  a 20  year  ship  life  directly,  on  the  basis  o*  occurrence*  of  the 
extreme  seas,  ship  exposure  times  or  the  order  o^  three  hours  to  twelve 
hours  result.  Thus,  the  use  of  a three  day  exposure  time  is  up  to  three 
times  as  long  as  the  exposure  time  indicated  by  the  existing  wave  data. 

If  C.J.  is  considered  for  a somewhat  less  conservative  exposure  time  than 
three  days,  for  instarce  Aq  or  even  20  hours,  a reduction  in  the  predicted 
extremes  ranging  from  about  A to  8 percent  results.  This  rather  low  reduc- 
tion in  the  predicted  extreme  with  substantial  exposure  time  reductions 
suggests  great  accuracy  in  the  estimation  of  the  exposure  time  of  the  ship 
to  the  extreme  storms  is  not  required. 

Another  factor  of  conservatism  inherent  in  the  use  of  C.^.  values  is 
the  validity  of  the  wave  height  distribution  factor  which  we  have  assumed 

•■’•Unreliable  due  to  scarcity  of  data. 
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for  a larqe  number  of  waves,  i.e.,  the  use  of  the  Rayleiqh  distribution. 

The  results  of  Reference  6 sunqest  that  C.^.  may  overpredict  the  extreme 
ship  responses  by  9 percent  when  20,000  cycles  of  waves  are  encountered. 

Reference  6 presents  results  of  an  experimental  model  study  of  extreme 
ship  motions  and  bendinq  moments  for  very  lonq  time  periods  in  irreqular 
seas.  Based  on  the  results  of  this  work,  it  is  clear  that  the  use  of  our 
C.|.  values  and  the  associated  assumption  of  the  Rayleigh  wave  height  dis- 
tribution will  tend  to  produce  conservative  estimates  of  the  extreme  design 
accelerations.  Specifically,  the  results  of  Reference  6 indicate  that  C.j. 
overestimates  the  true  value  of  the  extreme  by  "at  least"  a factor  of 
(l  - C /2)-  vjhere  r corresponds  to  the  bandv/idth  parameter  of  the  ship 
response.  If  this  assessment  of  the  error  associated  vjith  C.j.  due  to  spectral 
bandwidth  is  assumed  to  be  valid,  the  consequences  of  the  assumption  of  the 
Rayleigh  wave  height  distribution  may  be  quantified.  The  evaluation  of  f: 
for  a typical  ranoc  of  ship  responses  indicates  that  f:  varies  from  about  0.3 
to  0.7.  This,  in  turn,  corresponds  to  overpredictions  of  the  true  extremes 
by  up  to  9 percent.  Figure  15  shov/s  that  estimated  overpredictions  of  the 
worst  headinq  extreme  accelerations  is  from  about  2 to  9 percent.  Though 
this  measure  of  the  degree  of  conservatism  in  the  predicted  extreme  response 
may  not  be  entirely  valid,  it  still  suggests  that  a substantia)  degree  of 
conservatism  is  inherent-  in  the  use  of  the  series  C.^.  values  of  Figure  5. 

In  summary,  it  appears  quite  certain  that  the  C.^.  values  are  associated 
with  10  to  20  percent  overprediction  of  extreme  responses. 

DESIGN  SELECTION  UNCERTAINTIES 

The  last  major  uncertainty  associated  with  the  design  accelerations 
is  due  to  the  procedure  employed  to  select  design  values  from  the  extreme 
response  data  base.  For  example,  if  speed  loss  is  not  considered  in  the 
selection  process,  the  vertical  accelerations  ray  be  overestimated  by  up 
to  35  percent  for  the  shorter  ships,  see  Figure  16  adopted  from  Figure  9- 
For  ships  with  lengths  In  excess  of  800  feet,  the  uncertainty  of  design 
vertical  acceleration  associated  v/ith  speed  loss  decreases  to  negligible 


values  of  8 percent  or  less.  In  general,  speed  loss  has  little  effect, 
on  the  less  important  design  accelerations  in  the  lateral  and  longitudinal 
d i rec t i ons . 

SUMMARY 

The  uncertainties  associated  with  each  of  the  four  steps  of  the 
building  block  procedure  have  been  discussed  and  are  summarized  on  Figure 
17.  In  all  cases,  the  uncertainties  are  on  the  conservative  side  which, 
in  this  context,  indicates  a percentaqe  overpred i c t i on . By  far,  the  most 
influential  of  the  four  steps  of  the  building  block  procedure  on  the  shorter 
ships  is  the  design  selection  (speed  loss)  procedure.  For  the  longer  ships, 
the  height  of  the  extreme  seaway  is  more  critical  to  the  design,  e.g.  vertical, 
acceleration  than  the  loss  of  speed  due  to  the  extreme  seas.  The  effects 
of  ship  response  prediction  accuracy,  wave  spectral  shape,  ship  exposure 
time  to  the  extreme  seas,  and  assumed  Rayleigh  distribution  of  the  extreme 
wave  heights  vary  from  8 to  12  percent  design  acceleration  overpredict  ions 
and  hence  are  not  so  important  as  speed  loss  and  wave  height, 

RECOMMENDATIONS  AND  CONCLUSIONS 

In  view  of  the  unknown  consequences  of  LNG  spills,  it  is  considered 
that  conservative  tank  design  acceleration  rules  must  be  retained  at  the 
present  lime.  Thus,  design  accelerations  have  been  presented  based  on 
the  worst  heading  assumption  both  with  and  v/ithout  ''oluntary  speed  loss 
criteria.  Due  to  the  great  effect  of  speed  loss  on  design  acceleration 
levels,  e.g.  for  the  smaller  ships,  it  is  strongly  recommended  that  an 
involuntary  speed  loss  criteria,  e.g.  due  to  added  drag  in  extreme  waves, 
be  developed  and  adopted  to  the  building  block  procedure. 

For  the  smaller  ships,  the  voluntary  speed  loss  criteria  used  is  the 
single  most  important  factor  in  determining  the  design  accelerat ions . How- 
ever, for  the  larger  ships,  the  height  of  the  extreme  seav/ay  is  by  far 
the  most  important  factor. 
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Design  vertical  acceleration  is  considered  the  most  important  accelera- 
tion for  design  because  it  is  so  much  larger  than  either  lateral  (by  at 
least  a factor  of  2)  or  longitudinal  (by  at  least  a factor  of  10)  design 
accelerations.  The  dominance  of  vertical  acceleration  in  determining  the 
magnitude  of  the  design  vector  and  hence  the  tank  design  pressure  is  accentuated 
when  gravity  is  properly  considered.  Design  vertical  acceleration  is  strongly 
dependent  on  ship  length  though  periods  associated  with  it  are  not.  For  each 
ship  in  the  series,  design  vertical  acceleration  occurred  in  bow  seas. 

It  is  expected  that  as  more  extreme  sea  data  becomes  available,  the 
design  sea  conditions  will  change  (increase).  As  more  data  becomes  available, 
e.g.  for  the  North  Pacific,  it  is  expected  that  the  wave  heights  will  in- 
crease for  the  higher  modal  period  groups.  Thus,  the  larger  ships  will  have 
larger  responses  at  these  higher  periods  than  in  the  present  work. 

Finally,  it  is  recommended  that  the  LNG  ship  series  response  data  base 
be  updated  regularly  to  reflect  increases  in  extreme  seas,  newer  speed 
loss  criteria,  and  potential  to  reduce  extreme  ship  responses  by  reliable 
operator  strategies.  The  data  base  is  stored  on  magnetic  bed  tape  so  such 
access  will  be  relatively  easy  to  accomplish  on  any  computer  systems  of 
the  future. 
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DESIGN  SEA  CONDITIONS 

This  Appendix  will  describe  the  procedure  used  to  select  desiqn  scrs 
conditions  for  a qiven  trade  route,  compare  these  selected  design 
seas  with  worldwide  extreme  seas,  and  describe  in  general  the  philosophy 
of  determining  design  sea  conditions.  The  selection  of  design  sea  con- 
ditions is  considered  to  be  the  most  important  element  in  the  four  step 
building  block  approach  to  design  accelerations.  The  reason  for  this 
is  that  the  sea  selection  has  associated  with  it  the  greatest  degree  o^ 
variability  or  uncertainly  of  the  four  steps.-  The  development  of  design 
seas  consists  of  four  distinct  steps; 


1.  Representation  of  Extreme  Seas 

2.  Philosophy  of  Selection  of  Design  Wave  Parameters 

3.  Selection  of  LNG  Trade  Routes 

A.  Worldwide  Extreme  Sea  Data  Sources 

Each  of  these  is  now  discussed,  ‘’’he  method  for  representing  ex'reme 
seas  will  be  discussed  first  because  both  the  selection  of  the  geography 
(Trade  Route  or  Routes)  and  the  extreme  sea  data  sources  depend  on  the 
basic  extreme  sea  representation. 

REPRESENTATION  OF  EXTREME  SEAS 
Spectral  Representation  of  Extreme  Seas 


Observed  and  measured  seas  of  all  heights  or  severities  represent 
mixtures  of  locally  wind  generated  waves  and  swell  from  distant  storms. 

The  presence  of  sv;ell  In  wind  generated  seas  Is  generally  associated  with 
a noticable  peak  or  spike  at  the  lower  wave  freguencies  in  the  wave  spectrum. 
W^'en  large,  consistent  data  bases  of  measured  vjaves  are  spectrum  analysed 
and  then  examined  the  presence  of  relatively  few  single  peaked  wave  spectra 


The  voluntary  speed  loss  used  in  the  present  v/ork  is  more  influential 
than  the  design  seas  on  the  smaller  ships.  However,  it  is  expected  that 
when  the  Involuntary  speed  loss  Is  used  this  will  not  be  true. 
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is  quite  apparent.  Thus  it  is  clear  that  generally  realistic  seas  represent 
mixtures  of  sea  and  swell.  However,  when  the  spectral  shape  of  the  extreme 
seas  of  interest  in  design  are  considered,  it  is  noted  that  the  importance 
of  the  mixture  of  sea  and  swell  is  much  less  pronounced.  Measured,  extreme 
sea  spectra  generally  consists  of  spectra  which  contain  only  a single,  well 
pronounced  peak.  It  is  noted  however,  that  this  peak  or  modal  period  of 
the  wave  spectrum  occurs  at  different  frequencies  for  waves  with  a constant 
significant  wave  height.  Based  on  the  above  observations  of  the  charac- 
teristics of  measured  extreme  sea  wave  spectra,  it  was  decided  to  represent 
extreme  seas  with  an  idealized  two  parameter  (wave  height  and  modal  period) 
spectral  shape  due  to  B re t schne i de r . This  spectrum  is  written  as 


S^((.)  = Ai,"'’’ 

exp 

Ft^  ■ Sec 

where 

A = k83. 
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The  two  parameters  of  the  spectrum  are  significant  wave  height, 
and  modal  wave  period  T^ . These  parameters  in  turn  may  be  related  to  the 
visually  observed  wave  height  and  period  pairs  reported  by  various  authors 
in  accordance  with  relationships  due  to  Cartwright. 

1/3  = ■ "’obs  ^ 2.55)  meters  (A2) 

T = (6.58  + O.4I48  T , ) seconds  (A3) 

o obs 

It  is  to  be  noted  that  ship  responses  were  computed  for  a series  of  eight 
v;ave  spectra,  each  with  a one  foot  significant  wave  height  but  with  a 
different  modal  wave  period.  These  unit  significant  wave  height 
ship  responses  v;cre  then  multiplied  by  the  significant  wave  height  appropriate 


for  o specified  modal  wave  period  as  determined  from  the  long  term  wave 
data  bases  to  yield  the  extreme  ship  responses  for  design.  Before  discussing 
the  sources  of  the  long  term  wave  data  however,  the  validity  of  the  spectral 
representation,  as  well  as  the  basis  for  establishing  the  significant  v^ave 
heights  appropriate  for  design  are  discussed. 

Validity  of  Two-Parameter  Spectral  Representation 

In  Reference  1,  the  use  of  the  two  parameter  wave  spectra  in  lieu  of 
measured  extreme  wave  spectra  was  investigated  briefly.  The  adeguacy  of 
the  spectral  fit  was  judged  on  the  basis  of  the  differences  in  ship  responses 
computed  using  either  the  measured  or  idealized  two  parameter  v;ave  spectra. 

If  differences  between  responses  computed  in  the  measured  wave  spectra  and 
the  Bretschne i der  fit  to  these  spectra  were  small,  i.e.  less  than  10 
percent  of  the  responses  in  the  measured  spectra,  the  spectral  fit  was 
adjudged  to  be  good.  The  fit  was  judged  to  be  good  for  the  series  of  cases 
examined  in  Reference  1.  A more  extensive  series  of  cases  has  now  been 
examined  for  both  severe,  measured  Atlantic  and  Pacific  wave  spectra.  The 
results  are  presented  in  Figures  15  and  I^.  (t  should  be  noted  that  these 
brief  comparisons  of  vertical  accelerations  in  measured  severe  wave  spectra 
and  the  corresponding  idealized  two-parameter  Bretschne i der  spectra  were 
made  at  ship  conditions  which  corresponded  to  the  design  acceleration  con- 
ditions for  Ship  A.  In  addition,  it  should  be  noted  that  the  procedure 
for  matching  the  idealized  two-parameter  Bretschne 1 dor  spectra  and  the 
measured  spectra  are  the  same  ones  outlined  in  Reference  1.  It  is  clear 
from  these  limited  results  that  the  idealized  two-parai  t .er  spectral  yield 
somewhat  conservative  accelerations  in  comparison  to  the  measured  severe 
sea  spectra  in  both  oceans. 

In  order  to  more  fully  investigate  ifc’  nualitv  of  the  two-parameter 
wave  spectral  fit  for  extreme  seas,  vertical  accelerations  were  calculated 
both  for  some  200,  available  vvave  spectra  at  the  Atlantic  Weathership 
Station  India,  and  the  range  of  two-pa rai  e t e r B re t schne i der  wave  spectra 
at  correspond  i ng  wave  heights.  These  results  are  shown  *^or  Ship  D 
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traveling  at  10  and  20  knots  in  seas  ranging  from  significant  wave  heights 
up  to  about  feet  in  Figure  A1  . The  results  are  not  intended  to  imply 
that  Ship  0 would  sustain  these  accelerat ions  at  20  knots  in  these  seas. 

It  is  considered  that  the  involuntary  and  voluntary  speed  loss  would 
limit  these  accelerations.  However,  the  results  are  intended  to  establish 
that  the  two-parameter  wave  spectra,  when  used  for  a realistic  range  of 
■•'dal  periods  (7  to  21  seconds),  see  Figure  A2,  will  yield  ship  response  pre 
dictions  which  are  equivalent  to  those  based  on  measured  wave  spectra. 

Figure  A3  presents,  for  all  five  LNG  ships  at  the  design  conditions, 
the  vertical  acceleration  predictions  based  on  measured  severe  wave  spectra 
with  significant  heights  ranging  from  25  to  A5  feet,  and  the  two-parameter 
spectral  series  responses  for  the  same  wave  heights.  The  results  strongly 
suqqest  that  the  two-parameter  spectral  series  predictions  represent 
the  bounds  of  the  vertical  acceleration  responses  obtained  from  the  extreme 
or  severe  measured  wave  spectra. 

PHILOSOPHY  OF  SELECTION  OF  DESIGN  WAVE  PARAMETERS 

In  order  to  apply  the  prediction  procedure  for  design  acce 1 era t i ons 
employed  in  the  current  approach,  the  extreme  seas  are  required  in  either 
measured  wave  spectrum  format  or  in  the  form  of  extreme  significant  wave 
heioht  and  associated  modal  period  pairs.  Our  approach  in  determinina 
long-term  extreme  seas  differs  from  that  of  several  other  authors  in 
tha'  statistical  models  to  project  the  extreme  seas  are  not  employed. 

Instead,  it  is  considered  appropriate  to  base  design  acce 1 era t i ons  on  the 
highest  observed  and/or  measured  sea  conditions  rather  than  extreme 
sea  conditions  based  on  statistical  extrapolat ions  of  sea  data.  Extreme 
sea  conditions  which  have  occurred  once  may  occur  aqain.  Mathematically 
projected  extreme  seas  whose  magnitudes  exceed  or  are  less  t'lan  those 


previously  measured  or  observed  are  distrusted. 
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The  distrust  of  mathematically  projected  extreme  seas  is  based  on 
specific  points,  both  of  which  will  be  discussed  at  some  length.  The 
first  point  is  related  to  the  relatively  poor  quality  of  the  fit  between 


existing  wave  data  bases  and  various  statistical  models  such  as  the  Weibull 
distribution.  The  second  point  is  related  to  fact  that  long-term  wave 
condition  variability  is  not  adequately  reflected  in  the  length  (time  span) 
of  the  existing  wave  data  bases. 

With  respect  to  the  first  point,  Figure  M was  prepared  to  illustrate 
the  quality  of  the  Weibull  distribution  fit  to  the  observed  wave  data  for 
Trade  Route  1*  of  Hoqben  and  Lumb,  see  Figure  A5.  The  observed  results  for  eight 

specific  reported  wave  period  codes  are  shown  as  frequency  of  occurrence  versus  wave 

height  histograms.  The  corresponding  Weibull  distributions  are  overlaid 

on  these  histograms.  The  reported  extreme  wave  heights  are  denoted  in 

these  figures  by  the  symbol  0,  and  the  extreme  wave  heights  calculated  by 

means  of  order  statistics  (probability  level,  a = 0.01,  see  Reference  27) 

and  the  Weibull  wave  data  distributions  are  denoted  by  the  symbol  W.  (t  is 

noted  that  both  the  observed  and  the  s ta t i s t i ca 1 1 y derived  extreme  heights 

occur  far  out  In  the  tail  of  the  wave  height  distribution  where  the  greatest 

discrepancies  between  the  actual  data  and  the  theoretical  distribution  occur. 

Thus,  it  is  concluded  that  the  basic  observed  wave  data  base  is  of  insufficient 
quality  to  warrant  the  use  of  the  added  layer  of  sophistication  in  the  treat- 
ment of  extreme  sea  data  inherent  in  the  use  of  order  statistics  or  the 

27 

Weibull  fit  to  this  data.  Robinson  concluded  that  the  distribution  for 
separate  wave  period  groups  such  as  the  ones  shown  in  Figure  Ak  is  not  well 
fitted  by  a Weibull  distribution  unless  areas  are  combined  to  Increase  sample 

s i 7e . 

With  respect  to  the  second  point  about  the  adequacy  of  time  length  of 
the  data  bases  for  long-term  extreme  predictions,  the  philosophy  expressed  by 
Battje^^  that,  "The  long-term  probability  structure  is  a reflection  of  local 
and  distant  climatological  features  and  cannot  be  dealt  with  by  deductive 
methods"  is  considered  appropriate.  In  particular,  statistical  long-term 
distributions  are  regarded  as  such  "deductive  methods".  The  long-term 
distributions  are  regarded  as  procedures**  which  fit  curves  to  1,  2,  7 or 

Trade  Route  1 of  Reference  1 was  designated  by  US  Coast  Guard  as  the  most 
probable  and  realistic  North  Atlantic  Trade  Route.  This  route  and  other 
geographic  areas  will  be  discussed  in  a later  section  of  this  appendix. 

**  Procedures  such  as  the  ones  used  in  Reference  12  to  establish  100  year 
extreme  design  sea  conditions  from  data  based  on  a single  vear. 
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10  year's  worth  of  sea  data  and  then  extrapolate  to  obtain  the  most  r"'bab)e 
extreme  sea  in  20  or  more  years.  We  reqard  such  extrapolations  with  appre- 
hension because  very  little  is  known  about  the  apparent  l8  to  36  year  periods 

29 

associated  with  yearly  extreme  sea  data  frtsm  Nnrth  Atlantic  wea t hersh i ps . 

Similar  quasi -per  iodic  trends  with  periods  ranginq  from  12  to  AO  years 
are  also  noted  in  other  long-term  data  collections.  These  data  in  turn 
are  all  correlated  with  the  frequency  of  occurence  of  severe  sea  conditions. 

These  data  consist  of  the  frequency  of  winds  greater  than  33  knots  in  the 

20  21 
Atlantic^  , the  frequency  of  gale  winds  (Beaufort  8)  and  storms  in  the 

Gulf  ;if  Alaska, as  well  as  frequency  of  ship  cc ' 1 i s i ons  , etc.  The 
quasi  'eriodic  nature  of  such  data  trends  essentially  prohibits,  in  our  opinion, 
the  - ■ f statistical  ext rapo 1 a t ion  procedures  for  use  in  projecting  long- 

term exi  remi-  sea  data. 


Ttu;  percentages  of  wind  force  8 data  from  Reference  21,  and  the  100 
year  ...  height  forecast  from  tv;o  dif‘'ering  years  of  Reference  26  are 
cited  . xamples  which  serve  as  warnings  as  to  the  use  of  long-term  pro- 
ject ior-  from  short  or  small  data  bases.  The  quantity  and  quality  of  extreme 
sea  d-=ta  pre---nt!y  available  for  use  on  a v/'-rMwide  basis  is  regarded  as 
being  m ii  . ejuate  for  the  proper  application  of  long-term  statistics. 

We  consider  ii  essential  to  update  design  sea  data  on  a regular,  perhaps 
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It  is  recommended 


'erne  wave  data,  especially  for  sever.  r.i  areas  such  as  the 
, the  Capes  of  Good  Hope  and  Horn  and  similar  areas  be  collected 
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■.oncluded,  as  we  have  also,  "That  the  choice  of  a statistical 
;.  important  for  extreme  ■.-.lave  statistics,  as  the  need  for  an 
.1  base".  In  our  case  of  course  the  statistical  modal  is  the 
‘f  ■ base,  from  which  the  highest  significant  wave  height/modal 
ire  selected  as  the  appropriate  design  sea  conditions.  It 


shoui  h,  i"*loned  that  Nolte  compared  predicted.  North  Sea  extreme  sea 
condit'  ins  o'  lained  from  five  commonly  employed  statistical  models  with 
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visual  observations  made  by  a Norwerjian  weathership  from  1959  to  19f^9- 
COMPARISON  OF  DESIGN  WAVE  HEIGHTS 

The  recent  worT  of  several  authors  on  deriving  extreme  wave  conditiors 
for  design  based  on  the  concept  of  fitting  distribution  may  be  referenced 
as  a documented  alternative  approach  for  selecting  design  extreme  wave  data. 
The  work  of  Draper,  Renee,  and  Shellard^'  employs  instrumented  wave  measure- 
ments and  forecast  from  wind  data  to  develop  50-year  design  wave  heights 
in  the  areas  surrounding  the  British  Isles.  Extreme  design  wave  heights,  with 

a 50-year  return  period,  on  the  order  of  28  to  3^  meters  (92  to  110  feet) 

22 

result.  Similarly  the  work  of  Thom  based  on  visually  observed  (annual 
extreme)  significant  wave  heights  results  in  predicted  extreme  design  wave 
heights  with  a 25-year  return  period  of  36.6  and  35-7  meters  (120  and  117 
*^eet,  respectively)  for  ocean  weather  stations  "I”  and  "J".  These  extre-e 
wave  heights,  based  on  visual  observations,  agree  well  with  extreme  v;ave 
heights  developed  by  Battjes  from  measured  weaves  at  ocean  weather  stations 
"I"  and  "J".  Battjes  results  suggest  extreme  wave  heights  of  35  and  32 
meters  (115  and  105  feet)  respectively. 

It  should  be  noted  that  the  corresponding  extreme  wave  heights  used 
within  this  work  for  Trade  Route  1 range  from  about  7^‘  feet  for  significant 
wave  heights  of  28  feet  to  119  feet  for  significant  wave  heinhts  of  AA 
feet  for  the  range  of  modal  wave  periods  considered.  The  cor resDond i no 
extreme  wave  heights  selected  from  the  alternative  extreme  sea  curve,  (to 
be  discussed  In  the  next  section)  see  Fioure  A6,  which  bounds  the  reported 
measured  or  observed  extreme  data  ranges  from  ?A  feet  to  1A8  feet  for  the 
range  of  modal  wave  periods  considered.  If  a less  conservative  confidence 
factor,  C.J. , corresponding  to  the  most  probable  extreme  is  employed,  the 
Trade  Route  1 extreme  waves  will  correspond  to  wave  heights  ranging  from 
6l  to  9(5  feet  for  the  range  of  modal  wave  periods;  whereas  the  extremes 
for  the  extreme  bound  curve  of  Figure  A7  will  range  f roi  6l  to  122  feet. 

In  concluding  this  section  on  the  selection  of  design  sea  conditions  It 
should  be  noted  that  very  large  differences  in  design  sea  conditions  can 
occur  when  different  data  sources  or  different  statistical  models  are 
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applied.  All  approaches,  however,  share  a connon  shortcoming  of  very  scarce 
extreme  sea  data.  The  importance  of  differences  in  design  sea  conditions 
is  brought  out  in  somewhat  more  detail  in  later  sections  and  in  References 
2 and  3- 

SELECTION  OF  ENG  SHIP  TRADE  ROUTES 

Both  present  and  projected  future  ENG  trade  routes  must  be  considered 
when  selecting  the  geography  for  which  design  sea  conditions  are  to  be 
established.  In  addition,  the  quantity  and  quality  of  the  wave  data  available 
for  these  trade  routes  must  be  considered.  Thus,  the  selection  of  the  geo- 
graphy from  which  design  sea  conditions  are  to  be  extracted  is  tempered  by 
the  quality  of  the  data  available  for  the  appropriate  areas. 

Since  ENG  ships  once  built  may  be  expected  to  operate  on  a worldwide 
basis,  the  selection  of  design  sea  conditions  must  reflect  the  extremes 
of  sea  conditions  found  world  wide.  An  extensive  literature  search  on 
extreme  sea  conditions  revealed  no  published  data  (in  the  significant 
wave  he i ght/moda 1 period  form  required)  which  exceeded  the  extreme  sea  data 
for  the  North  Atlantic.  As  a result,  the  North  Atlantic  was  considered 
to  be  data  source  for  estimating  worldwide  extreme  sea  data. 

WORLDWIDE  EXTREME  SEA  DATA  SOURCES 

A total  of  17  ooen  literature  references  present  extreme  sea  data  in 
a suitable  format  for  purposes  of  the  present  report.  Eleven  of  these  sources 
referred  to  the  Atlantic  and  the  remaining  six  presented  data  for  the  Pacific. 
References  A,  8,  9,  and  12  present  observed  Atlantic  data,  reference  10  pre- 
sents some  measured  and  observed  Atlantic  data,  and  refr-ences  13,  1^,  15, 

16,  17,  and  18  present  measured  Atlantic  data.  Simila  ' , references  19,  20, 
21,  22,  and  23  present  observed  Pacific  data  and  reference  2A  presents 
measured  Pacific  data.  Other  ocean  areas  known  for  their  severe  seas*  such 
as  Cape  of  Good  Hope,  Cape  Horn,  and  the  North  Sea  did  not  contribute  extreme 
sea  data  to  the  worldwide  extreme  sea  data  base  represented  by  the  previous 
references.  Only  relatively  few,  primarily  visual  wave  height  observations 
were  contained  in  A,  25,  26.  It  is  recommended  that  a wave  height  measurement 

Which  future  ENG  tankers  are  likely  to  tranverse. 
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program  or  at  least  a concerted  effort  to  locate  such  data  for  these  areas 
to  be  initiated  by  USCG. 

As  previously  mentioned,  very  little  measured  or  suitably  observed 
extreme  wave  data  were  found  in  other  oceans,  or  ocean  areas  outside  of  the 
most  probable  and  realistic  North  Atlantic  trade  route  identified  by  the  USCG 
as  Trade  Route  1,  see  Figure  A5.  The  Trade  Route  I extreme  sea  data  was 
selected  from  the  largest,  available  wave  data  base  suitable  for  the  four- 
step  building  block  prediction  procedure  employed  in  the  present  report. 

The  wave  data  base  consists  of  the  systematic  wave  height  and  period 

observation  tabulations  of  voluntary  ship  reports  by  Hoqben  and  Lumb  ^or 

the  years  1953  through  1961,  see  Figure  A.  The  open  circles  represent  the 

observed  height/period  pairs  converted  into  significant  wave  height/modal 

2 3 

period  pairs  in  accordance  with  relationships  due  to  Cartwright.  The 
darkened  circles  in  Figures  A and  AJa  correspond  to  the  sea  conditions  for 
which  design  ship  responses  were  computed.  Since  these  ship  responses  were 
computed  for  evenly  spaced  modal  wave  periods  of  7,  9,  . . .,  and  21  seconds 
design  sea  conditions  were  obtained  for  these  specific  periods  by  linearly 
interpolating  between  reported  modal  periods. 

The  observed  data  base  of  Figure  9,  i.e..  Trade  Route  1,  was  not  ex- 
tended by  the  mid  ocean  weathership  D,  K and  E data  of  Roll  for  the  years  1951 
and  1952  because  the  extreme,  rare  wave  he i gh t /per iod  combinations  were  not 
explicitly  indicated  for  the  individual  weatherships.  Nevertheless,  Roll's 
extreme  wave  height  data  are  almost  as  high  as  the  extremes  selected  from 
Hogben  and  Lumb.  Thus,  it  appears  that  the  more  accurate  visual  wave  observa- 
tions from  weatherships  support,  in  general,  the  magnitude  of  the  observed 
extreme  sea  data  selected  from  the  Hogben  and  Lumb. 

The  visual  observations  from  the  same  three  weatherships  were  also  reported 

9 

for  the  period  1950  to  I960  by  Walden.  Comparisons  of  these  extreme  sea 
conditions  with  the  ones  selected  from  the  far  larger  (more  observat ions) , 
though  possibly  less  reliable,  wave  data  base  of  Hogben  and  Lumb  suggest 
that  the  two  are  quite  similar.  Thus  again  it  may  be  concluded  that  the 
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Trade  Route  1 extreme  wave  data  from  Hogben  and  Lumb  is  representat i /e  of 
the  extreme  seas  that  may  be  expected  for  this  oceanic  area. 

When  the  search  area  for  extreme  sea  data  in  the  North  Atlantic  or  equi- 
valently the  world  is  extended  outside  of  the  L) . S . Coast  Guard  specified 
Trade  Route  1,  the  reported  extreme  seas  become  somewhat  larger  at  various 
modal  sea  periods  than  for  Trade  Route  1.  Figure  A7b  was  prepared  from  the 
previously  mentioned  sources  to  illustrate  this  fact  and  to  summarize  the 
best  available  worldwide  extreme  sea  data.  For  comparison  purposes,  the 
Trade  Route  1 data  is  also  shown  on  the  same  general  figure  and  is  designated 
as  Figure  A7a.  Only  data  that  were  presented  in  suitable  wave  height/modal  wave 
period  form,  whether  observed  or  measured,  are  shown  in  the  figure.  It  is 
t>.  ijc  noted  that  this  extreme  sea  data,  with  the  exception  of  two  visual  obser- 
vations made  by  Japanese  freighters,  comes  from  the  North  Atlantic  for  the 
years  1959  through  1971 • 

The  only  measured  extreme  sea  data  located  for  the  North  Pacific  v/ere 
2k 

that  of  Larsen  for  the  winter  of  1972-77.  These  data,  however,  are  not  yet 
available  in  spectral  format.  It  is  recommended  to  the  USCG  that  the  wave 
measurement  program  described  in  Reference  2k  be  supported  or  encouraged  to 
continue  on  a long-term  basis  in  the  future.  In  addition,  it  is  recommended 
that  an  effort  be  made  to  obtain  the  measured,  calibrated  time  history  of 
the  top  five  or  six  storms  reported  in  the  reference. 


The  extreme  observed  and  measured  wave  data  in  Figure  22b  exhibit  the 
same  erratic  behavior  as  a function  of  modal  wave  period  as  the  extreme  observed 
wave  data  in  Figure  A7a.  A great  deal  of  the  erratic  scatter  is,  of  course, 
due  to  the  scarcity  of  the  data.  In  order  to  smooth  the  erratic  extreme 
wave  height  trends  of  Figure  A7b,  it  is  considered  appropriate  to  employ 
the  outer  boundaries  of  these  measured  and  observed  data  points  to  construct 
a rough  curve*  of  the  worldwide  extreme  seas.  This  was  done  in  Figure  A7c. 

Two  pronounced  physical  limits  apparent  in  the  data  suggest  the  plausibilit' 
of  such  an  approach.  These  limits  appear  to  roughly  shape  the  scatter  of  the 
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Such  a curve  must,  of  course,  be  updated  on  a continual  basis  as  more  extreme 
wave  data  becomes  available. 
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data.  The  first  limit  consists  of  the  theoretical  limiting  steepness  of 
progressive  waves  in  deep  water,  i.e.,  1/7.  This  limit  applies  to  short 
modal  periods  (less  than  9 seconds).  Such  periods  correspond  to  partially 
developed  wind  seas,  which  are  generated  as  hurricane  winds,  initially 
build  the  seas  to  their  extreme  conditions. 

Figure  A6  presents  the  worldwide  severest  observed  and  measured  sea 
conditions  as  well  as  four  specific  wave  steepnesses,  >/h  = 10,  20,  25,  and 
40.  It  should  be  noted  that  these  latter  two  steepnesses  correspond  to  the 
significant  wave  height/modal  wave  period  relationship  for  partially  developed 
hurricane  seas  due  to  B re t schne i der  and  the  fully  developed  wind  seas  due  to 
Pierson  and  Moskowit?.  Two  individual  extreme  waves  guoted  by  Draper'"'  are 
also  shown  in  Figure  AG  to  demonstrate  the  possible  steepness  of  individual 
extreme  waves.  It  is  apparent  from  these  results  that  the  extreme  significant 
wave  heights  at  short  modal  periods  appear  to  be  limited  to  a corresponding 
wave  steepness  of  approximately  1/10.  In  addition,  it  is  noted  that  these 

extremely  steep,  extreme  seas  were  observed  visually.  If  these  values  are 

. 1 4 

disregarded,  the  extreme  wave  data  of  Pierson  , as  well  as  Snider  and 

Chakrabart  i , ' ^ appear  to  represent  limiting  (r,  steepnesses  of  about 

__  ■ w I / d u 

1/15.  Thus,  (',  ) , /,/>n  steepnesses  between  1/10  and  1/15  appear  to  limit 
W I / ^ u 

the  partially  developed  extreme  seas. 

The  second  limit  which  shapes  the  extreme  sea  significant  wave  height 

to  modal  wave  period  data  is  most  obvious  at  the  very  long  modal  wave  periods 

(periods  > 18.5  seconds).  For  these  longer  waves,  the  height  of  the  observed 

extreme  seas  appear  to  drop  sharply.  This  type  of  drop  in  extreme  heights 

with  increasing  modal  period,  of  course,  contradicts  the  period  to  height 

relationships  due  to  Pierson  and  Moskowitz,  Bretschne i der  or  Thom  for  fully 

or  partially  developed  seas.  Evidence  of  this  long  period  height  limitation 

is  found  in  many  of  the  more  refined  joint  period/height  tabulations  in  various 
4 8 9 

references.  ' ’ The  wave  height  at  the  longer  periods  are  apparently  limited 

10  1 21  24 

by  the  duration  and  size  of  the  storms  ’ ’ ’ as  well  as  by  the  con- 

stancy of  the  wind  direction  and  the  size  of  the  ocean  area.  The  ocean-to- 
occan  variations  of  the  variables  which  govern  the  extreme  wave  heights  there- 
fore suggest  that  extreme  significant  wave  height/modal  period  relations  vary 
from  ocean  to  ocean. 
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Figure  A1  - Validation  of  Spectral  S€'a  Representation  with 
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Figure  A2  - Bretschne i der  Two-Parameter  Spectral  Family 
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Figure  A5  " Assumed  Trade  Routes  for  North  Atlantic  and  North  Pacific 
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Figure  A6  - World-Wide  Severest  Sea  Conditions  and  Various  Wave 
Steepness  and  Period  to  Height  Relationships 
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